Reho JJ, Fisher SA. The stress of maternal separation causes misprogramming in the postnatal maturation of rat resistance arteries. Am J Physiol Heart Circ Physiol 309: H1468-H1478, 2015. First published September 14, 2015; doi:10.1152/ajpheart.00567.2015.-We examined the effect of stress in the first 2 wk of life induced by brief periods of daily maternal separation on developmental programming of rat small resistance mesenteric arteries (MAs). In MAs of littermate controls, mRNAs encoding mediators of vasoconstriction, including the ␣ 1a-adrenergic receptor, smooth muscle myosin heavy chain, and CPI-17, the inhibitory subunit of myosin phosphatase, increased from after birth through sexual [postnatal day (PND) 35] and full maturity, up to ϳ80-fold, as measured by quantitative PCR. This was commensurate with two-to fivefold increases in maximum force production to KCl depolarization, calcium, and the ␣-adrenergic agonist phenylephrine, and increasing systolic blood pressure. Rats exposed to maternal separation stress as neonates had markedly accelerated trajectories of maturation of arterial contractile gene expression and function measured at PND14 or PND21 (weaning), 1 wk after the end of the stress protocol. This was suppressed by the ␣-adrenergic receptor blocker terazosin (0.5 mg·kg ip Ϫ1 ·day Ϫ1 ), indicating dependence on stress activation of sympathetic signaling. Due to the continued maturation of MAs in control rats, by sexual maturity (PND35) and into adulthood, no differences were observed in arterial function or response to a second stressor in rats stressed as neonates. Thus early life stress misprograms resistance artery smooth muscle, increasing vasoconstrictor function and blood pressure. This effect wanes in later stages, suggesting plasticity during arterial maturation. Further studies are indicated to determine whether stress in different periods of arterial maturation may cause misprogramming persisting through maturity and the potential salutary effect of ␣-adrenergic blockade in suppression of this response. OBSERVATION OF A STRONG GEOGRAPHICAL relationship between mortality from ischemic heart disease in the 1970s and infant mortality rates one-half a century earlier (5) formed the basis for the hypothesis that cardiovascular mortality in the adult is developmentally programmed (4). This relationship was confirmed in subsequent studies and extended to a variety of developmental stressors. Children raised in low socioeconomic status families under harsh and stressful conditions predicted increasing blood pressure (BP) over time and increased vascular reactivity to stress [CARDIA study (9, 34) , reviewed in Ref. 56]. In the Bogalusa Heart (3) and other studies, those with the greatest trajectory of BP increase during childhood and adolescence had several-fold higher prevalence of hypertension (r ϳ0.4, see Ref. 10 for meta-analysis) and increased cardiovascular mortality as adults (42). A natural human experiment was that of Finnish children voluntarily separated from their parents during World War II. As nonobese adults, children separated at ages 4 -7 yr had systolic BP ϳ9 mmHg higher than nonseparated controls (CON), with the effect stronger in men than women (2). Those separated at younger or older ages had less or no difference. Early intervention is thought to be important to prevent the long-term sequelae of elevated BP manifest in childhood, yet there is no consensus on the definition of childhood hypertension, its causes, when to treat, or with what medicines (26).
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NEW & NOTEWORTHY

There is increasing interest in developmental programming of hypertension, yet little understanding of developmental misprogramming of smaller arteries where vascular resistance is determined. We show that behavioral stress accelerates postnatal programming of vasoconstrictor function suppressed by the ␣-adrenergic blocker terazosin, suggesting a mechanism and therapy for developmental programming of hypertension.
OBSERVATION OF A STRONG GEOGRAPHICAL relationship between mortality from ischemic heart disease in the 1970s and infant mortality rates one-half a century earlier (5) formed the basis for the hypothesis that cardiovascular mortality in the adult is developmentally programmed (4) . This relationship was confirmed in subsequent studies and extended to a variety of developmental stressors. Children raised in low socioeconomic status families under harsh and stressful conditions predicted increasing blood pressure (BP) over time and increased vascular reactivity to stress [CARDIA study (9, 34) , reviewed in Ref. 56 ]. In the Bogalusa Heart (3) and other studies, those with the greatest trajectory of BP increase during childhood and adolescence had several-fold higher prevalence of hypertension (r ϳ0.4, see Ref. 10 for meta-analysis) and increased cardiovascular mortality as adults (42) . A natural human experiment was that of Finnish children voluntarily separated from their parents during World War II. As nonobese adults, children separated at ages 4 -7 yr had systolic BP ϳ9 mmHg higher than nonseparated controls (CON), with the effect stronger in men than women (2) . Those separated at younger or older ages had less or no difference. Early intervention is thought to be important to prevent the long-term sequelae of elevated BP manifest in childhood, yet there is no consensus on the definition of childhood hypertension, its causes, when to treat, or with what medicines (26) .
BP is largely determined and controlled by the contraction of resistance artery smooth muscle (RASM) determining systemic vascular resistance (SVR) to blood flow. Hypertension in adult humans is largely due to increased SVR (20) . While there is now considerable interest in the role of early life stress (ELS) in programming of hypertension, little is known about the normal developmental programming or stress-induced misprogramming of RASM. In a previous study (53) , we correlated the molecular and functional maturation of rat mesenteric RASM and demonstrated that it initiated after birth and was not complete until sexual maturity [postnatal day (PND) 35]. Expression of smooth muscle actin and myosin contractile proteins and maximal force increased concordantly. Additionally, there were specific changes in the expression of the myosin phosphatase (MP) subunits, key determinants of responses to vasoconstrictor and vasodilator signals that determine RASM tone (reviewed in Refs. 12, 13). CPI-17, the inhibitory subunit of MP, increased concordant with increased constrictor responses to the ␣-adrenergic agonist phenylephrine (PE) in intact and permeabilized/calcium-clamped arteries, reflecting increased inhibition of MP. The MP targeting subunit 1 (Mypt1) (regulatory) subunit switched from skipping of alternative exon 24 (E24), coding for a COOH-terminal leucine zipper (LZ) motif, to inclusion of E24 (LZϪ), with reduced relaxant response to nitric oxide (NO)/cGMP in intact and permeabilized/calcium-clamped arteries, reflecting reduced activation of MP. We also provided evidence that RASM maturation was dependent on sympathetic innervation. These observations led to the hypothesis that stress-induced activation of sympathetic neural signaling at critical stages of development may cause misprogramming of RASM, increasing susceptibility to hypertension and cardiovascular mortality in adulthood.
A well-established model of ELS is that of maternal separation (MS) (35, 50) in which neonatal rats are separated from their mothers for several hours each day from PND2-14. Recent studies by Pollock and coworkers showed that rats exposed to this ELS had normal resting BP as adults, but exaggerated acute pressor responses to norepinephrine (37) and hypertensive responses to chronic angiotensin II infusion (39, 40) . Their studies implicated changes in arterial and kidney function in the relationship between ELS and adult hypertension (38) . Specific mechanisms for the presumed developmental misprogramming caused by ELS were not identified in this or other studies (reviewed in Ref. 27 ). Here we show that exposure of rat pups to MS stress accelerates the developmental programming and functional maturation of mesenteric resistance arteries. This developmental misprogramming was suppressed by coadministration of the ␣ 1 -adrenergic receptor blocker terazosin, indicating dependency on stress-dependent sympathetic activation and suggesting a potential therapeutic strategy in this scenario.
MATERIALS AND METHODS
Animals. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Maryland and adhere to National Institutes of Health guidelines. Sprague-Dawley rats were purchased from Charles River Laboratories (Wilmington, MA) and maintained as a breeding colony at the University of Maryland-Baltimore. Offspring were weaned at PND21 and studied from as early as PND1 to 5-7 mo of age (n ϭ 120 for investigation). All animals were maintained on a 12:12-hr light-dark cycle and were provided food and water ad libitum.
MS stress and drug treatments. Neonatal rats were subject to the MS stress protocol, as previously described (35, 40) , with litter sizes culled to 10 pups/litter. Neonates were separated from their mothers and placed in a heated cage (30°C) for 3 h/day from PND2-14. After the 3-h period, the neonates were returned to the mother's cage. Nonhandled littermates served as the control. MS rat pups were marked by tail snip and chemical cautery via silver nitrate. One MS pup and one littermate CON were used from each of five to six separate litters for each experiment to avoid litter and nested bias. MS and littermate CON were terminated at PND14, PND21, PND35, and as adults (5-7 mo) . A separate set of MS and littermate CON pups (n ϭ 5-6) received daily IP injections of the ␣-adrenergic receptor blocking drug terazosin (0.5 mg/kg in sterile saline, as described in Ref. 43) or vehicle (0.87% sterile saline) from PND2-14 and were terminated at PND21. A separate set of experiments was performed to test the effect of pharmacological blockade of the three different receptor families of sympathetic nervous signaling. CON rat pups received a daily intraperitoneal (IP) injection from PND1-35 of either: 1) terazosin (0.5 mg/kg; ␣-adrenergic antagonist); 2) BIBP3226 (100 g/kg; Npy1r antagonist) (28); 3) NF449 [10 mg/kg; purinergic (P2X)
receptor antagonist] (21); 4) all three drugs combined (denoted triple cocktail); or 5) vehicle (0.87% sterile saline). Rats were terminated after the last injection at PND35.
Adult restraint stress. Adult male rats that had undergone MS stress as neonates and their littermate CON were subjected to 1-h restraint stress (RS) in a flat-bottom clear plastic restrainer (Kent Scientific) in their home cage, as previously described (57) . After the restraint period, the rats were released in their home cage and terminated 3 h (n ϭ 3-4) or 24 h (n ϭ 3-4) later.
RNA analysis. Mesenteric, femoral, and renal main and interlobar arteries were dissected and stored in RNALater for purification of total RNA. To isolate mesenteric arteries (MAs) from the small pups, the entire arterial arcade containing first-to fourth-order branches was stripped and harvested. Renal interlobar arteries were dissected by first bisecting the kidney along the longitudinal axis and removing the renal medulla. The small resistance interlobar arteries were exposed and carefully dissected distal to the arcuate artery. Total RNA was purified from tissue homogenates via column purification (Ambion), as per manufacturers' recommendations, and reverse transcribed using random hexamers and Superscript III enzyme (1,000 units, Invitrogen). Conventional PCR was used to quantify the ratios of Mypt1 alternative E24 splice variants using infrared-labeled oligonucleotide primers flanking the alternative exon, as previously described (53) . PCR products were gel separated, and E24ϩ and E24Ϫ species quantified using a LiCor Odyssey imager and Image Studio 3.0 software, and reported as %Mypt1 E24Ϫ. mRNA levels were measured by quantitative real-time PCR (StepOnePlus) using Taqmanbased assay probes and a Fast Advanced Taqman Master Mix (Applied Biosystems, Foster City, CA). Transcript abundance was calculated via the 2-ddCt method, normalized to cyclophilin A expression, which was invariant, and reported as fold-change. Due to the small size of these developing microvessels, assays of corresponding protein isoforms and abundance were not performed. In our previous study (53) , we showed a good correlation in the expression of mRNAs and proteins that are the focus of this study.
Vascular function. Rats of age PND21, PND35, and adult were used for these studies of arterial function; study of the microarteries of rats younger than PND21 was technically challenging. A section of the first-order MA (MA1) ϳ2 mm in length was dissected free of connective tissue and placed in a physiological saline solution containing the following concentrations (mM): 112 NaCl, 25.7 NaHCO 3, 4.9 KCl, 2.0 CaCl2, 1.2 MgSO4, 1.3 KH2PO4, 11.5 glucose, 10.0 HEPES, at pH 7.4, at 37°C. Arteries were mounted on a wire myograph (model 610M, Danish Myo Technology, Aarhus, Denmark) for measurements of force under isometric conditions. Starting tension was applied by stretching the vessel to IC90, as previously described (47) . Arteries were primed with two doses of 10 M PE. Force was continuously recorded over time in response to cumulative doses of PE (1 nM to 100 M) or maximal depolarization with 100 mM KCl. Reductions in force to cumulative doses of the NO donor diethylamine (DEA)/NO (1 nM to 100 M) were determined in arteries preconstricted with a submaximal concentration of PE. A separate set of MA1s was permeabilized with ␣-toxin (1,000 U/ml) or ␤-escin (400 M) and fully relaxed in a high relaxing solution (pCa 9) (in mM): 60 potassium methane sulfonate, 5 EGTA, 0.02 CaCl2, 9.26 MgCl2, 5.2 Na2ATP, 25 creatine phosphate, and 25 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid with intracellular pH 7.1 by 1 N KOH, as previously described (53) . Force was continuously recorded over time in response to cumulative doses of calcium (pCa 9-4) and to the nonhydrolyzable analog of cGMP, 8-bromo-cGMP (8-Br-cGMP) (cumulative concentrations of 1 nM to 100 M) at a submaximal concentration of calcium (pCa 6; 1 M). Data are presented as force in milli-Newtons (mN) or percentage of maximum force. EC50 was calculated for dose-response curves using standard curve analysis. All reagents were purchased from Sigma.
BP analysis. BP and heart rate were analyzed using a Millar MPVS-400 catheter, and data were collected using Chart software.
Rats were lightly anesthetized with 2% isoflurane after which the catheter was placed into the left carotid artery for BP recordings. Systolic BP was recorded continuously for 30 min and presented as an average for the recording period.
Statistical analysis. Sigma Plot software was used for data and graphical analysis with data presented as means Ϯ SE (SYSTAT, Chicago, IL). mRNA expression data were analyzed with one-way ANOVA or Student's t-test, where applicable. Vascular function assays were analyzed with one-way ANOVA and a post hoc Bonferroni test. BP data were analyzed using one-way ANOVA. A KruskalWallis ANOVA on ranks was used where applicable. Statistical significance was accepted at P Ͻ 0.05.
RESULTS
Postnatal maturation of arterial smooth muscle in regional circulations. We first examined the expression of constituents of the smooth muscle contractile apparatus in the postnatal period, including 1) smooth muscle myosin heavy chain (smMHC), a major determinant of smooth muscle force production and marker specific for smooth muscle differentiation (45); 2) myosin light chain kinase (MLCK), the determinant of calcium activation of force (16); 3) MP regulatory (Mypt1) and inhibitory (CPI-17) subunits; MP mediates deactivation of force, while the expression of E24 splice variants of Mypt1 and the level of expression of CPI-17 determine sensitivity to NO/cGMP-mediated relaxation and ␣-adrenergic-mediated constriction, respectively (12, 13); and 4) the ␣ 1a -adrenergic receptor, a mediator of sympathetic vasoconstriction. We compared their expression in the mesenteric and renal circulations, major determinants of SVR and BP, and the muscular femoral artery as an additional reference vessel.
smMHC mRNA was detected in all of the arteries at PND1 and markedly induced in the MAs between PND1 and PND35 ( Fig. 1A ; P Ͻ 0.05; one-way ANOVA), consistent with the accretion of differentiated smooth muscle in the arteries through sexual maturity. The timing of the induction of smMHC mRNA varied in the other arteries examined: in the main renal artery it was complete by PND21 (weaning) (Fig.  1C) ; in the renal interlobar ( Fig. 1D ) and femoral arteries (Fig.  1B ) it lagged and was complete at PND35 (sexual maturity); and in the MAs it continued through to adulthood (Fig. 1A) . During this period of postnatal maturation, there were modest but significant increases in Mypt1 and MLCK mRNAs [P Ͻ 0.05; PND1 vs. PND35 (all vessels)], while CPI-17 mRNA was highly induced in all of the arteries and reached maximal levels by PND35 [P Ͻ 0.05; PND1 vs. PND35 (all vessels)]. The greatest induction of CPI-17 mRNA occurred in the MAs with much of the increase occurring from weaning (PND21) to sexual maturity (PND35), paralleling the increase in smMHC. The mRNA coding for the ␣ 1a -adrenergic receptor was also markedly induced in the arteries [P Ͻ 0.05; PND1 vs. PND35 (all vessels)] and followed a developmental time course similar to that of CPI-17 mRNA in all but the renal artery, in which it peaked at PND21 and markedly declined thereafter. With regards to the E24 splice variant isoforms of the MP regulatory subunit Mypt1, there was a near complete switch from skip- ping to inclusion of E24 in all of the arteries from PND1-35 [P Ͻ 0.05; PND1 vs. PND35 (all vessels)] (Fig. 2) .
Behavioral stress accelerates arterial maturation. We next examined how ELS in a critical developmental window affects arterial maturation. Neonatal rat pups were subject to MS stress for 3 h/day from PND2-14. MS caused a stress response in the MA, as indicated by 2.7-fold induction of heat shock protein 70 (HSP-70) mRNA (2.7 Ϯ 0.4-fold; P Ͻ 0.05, n ϭ 5) measured at the end of the stress protocol (PND14) and maintained at PND21 (2.9 Ϯ 0.5-fold; P Ͻ 0.05, n ϭ 5). MS stress accelerated the developmental maturation of the MA smooth muscle (Fig. 3, A-E) . smMHC mRNA was approximately two-to threefold greater in MAs of MS stress rats measured at PND14 and PND21 compared with nonstressed littermate CON. In absolute terms, the smMHC mRNA was ϳ5-to 10-fold greater in MS vs. CON MAs at PND14 and PND21. The other mRNAs measured followed a similar pattern. CPI-17 also showed a 2-to 3-fold relative induction by MS stress at PND14 and PND21, while the absolute increase of ϳ20-fold at PND21 was the largest of any of the mRNAs measured. Mypt1, MLCK, and ␣ 1a -adrenergic receptor mRNAs followed similar trends in relative induction by MS stress at PND14 and PND21, while the absolute changes were much smaller, reflecting the lesser magnitude of their normal developmental induction. Similarly, the normal developmental switch of Mypt1 to the E24ϩ splice variant was accelerated by MS stress, as measured at PND14 and PND21 (Fig. 3F) .
The differences in mRNAs in the MAs of rats subject to MS stress had abated or significantly narrowed by 3 wk after the end of the MS stress protocol (PND35, sexual maturity) (Fig.  3) . CPI-17 and ␣ 1a -adrenergic receptor mRNAs peaked in the MS stress MAs at PND21, while in the paired littermate CON they continued their normal developmental increase from PND21-35, such that there was no difference (CPI-17) or a much more modest difference (␣ 1a ) between the groups at PND35. smMHC and MLCK mRNAs continued to increase in ) or vehicle during the stress protocol (PND2-14) and studied at PND21. In these experiments, the neonates were assigned to one of three groups: 1) CON pups injected with vehicle; 2) MS stress pups injected with vehicle; 3) MS stress pups injected with terazosin. There was no difference in mRNA levels between uninjected and vehicle-injected CON (data not shown). Rat pups subject to MS stress and injected with vehicle had induction of mRNAs at PND21 that was nearly identical to that of rats that had been subject to MS stress without IP injections (compare Fig. 4A and Fig. 3 ). Terazosin treatment during MS stress completely suppressed the stress-mediated induction of the contractile mRNAs and the switch to the Mypt1 E24ϩ splice variant in the MAs (Fig. 4) . Terazosin treatment also suppressed stress induction of HSP-70 mRNA in the MAs (MS ϩ vehicle: 2.9 Ϯ 0.5; MS ϩ terazosin: 1.5 Ϯ 0.2; fold-change vs. CON; P ϭ 0.12). Terazosin not only suppressed the stressmediated induction of these mRNAs, but reduced their expression to levels less than that of the CON MAs (Fig. 4) .
To test if ␣ 1 -blockade suppresses the normal developmental maturation of MAs, an additional set of experiments was performed in which unstressed pups were treated with terazosin (0.5 mg/kg IP) or vehicle (0.87% sterile saline) daily from PND1-35 spanning postnatal maturation to sexual maturity. Terazosin markedly suppressed the normal developmental induction of smMHC, CPI-17, MLCK, Mypt1, and ␣ 1 -adrenergic receptor mRNAs and the switch to Mypt1 E24 inclusion (Fig. 5) . As the sympathetic nervous system may also provide trophic signals through activation of purinergic and neuropeptide Y (NPY) receptors (31), neonatal rats were treated in the same protocol with inhibitors of all three pathways (denoted triple cocktail). Addition of the purinergic and NPY receptors blockers NF449 and BIBP3226, respectively, to terazosin, had no additional effect on mRNA levels (Fig. 5) . The NPY receptor blocker alone had a modest effect (data not shown). This indicates that ␣ 1 -adrenergic receptor signaling is the main component of sympathetic developmental programming of MAs.
MS stress induces arterial hypercontractility. To determine the functional significance of stress-induced developmental misprogramming of MAs, force, calcium sensitivity of force, and response to signaling pathways were measured in PND21 MA1 ex vivo. This was selected as the first time point for study, as maximal effects of stress on gene expression were evident, and measurement of contractile function of these small arteries was feasible. In these experiments, three groups were compared: 1) rat pups subject to MS stress from PND2-14; 2) littermate CON; and 3) rat pups subject to MS stress and treated with terazosin (0.5 mg·kg IP Ϫ1 ·day Ϫ1 ) from PND2-14. MA1s from rats subject to MS stress developed ϳ50% more force to KCl depolarization (Fig. 6A ) and ϳ100% more force to calcium in permeabilized preparations (Fig. 6B) , consistent with the stress induction of contractile mRNAs. Maximal force to the ␣ 1 -adrenergic agonist PE was similarly increased by ϳ100% (Fig. 6C) , while the sensitivity was unchanged (EC 50 : CON: 1.2 Ϯ 0.5 M; MS: 1.7 Ϯ 0.8 M; MS ϩ terazosin: 1.4 Ϯ 0.5 M). Relaxation to the NO donor DEA/NO (Fig.  6D) , and its second messenger 8-Br-cGMP under calcium clamp (Fig. 6E) , were reduced by MS stress, consistent with the accelerated switch to the E24ϩ splice variant of Mypt1 coding for the LZϪ isoform. There were trends toward decreased sensitivity of the MAs from MS stress rats to DEA/NO (EC 50 : CON: 3.3 Ϯ 1.4 M; MS: 46 Ϯ 24 M; MS ϩ terazosin: 6.3 Ϯ 5.9 M; P ϭ 0.09) and 8-Br-cGMP (EC 50 : CON: 22 Ϯ 2.4 nM; MS: 28 Ϯ 3.0 nM; MS ϩ terazosin: 29 Ϯ 7 nM; P ϭ 0.16) that did not reach statistical significance. The effects of MS stress on MA contractility were largely suppressed by coadministration of terazosin during the stress period (Fig. 6) . Resting systolic BP measured in the PND21 rats under anesthesia were not different (CON: 77 Ϯ 8 mmHg; MS: 79 Ϯ 5 mmHg; MS ϩ terazosin: 77 Ϯ 10 mmHg, n ϭ 5/group).
MS stress and arterial contractility at PND35. Arterial function was again examined at PND35 (sexual maturity) in MA1s from MS stress rats and littermate CON. The enhanced contractility that was present in the MS stress MA1s at PND21 had dissipated by PND35. At PND35, MAs from rats subject to MS stress and CON developed identical force to KCl depolarization (Fig. 7A) , to calcium in permeabilized preparations (Fig. 7B) , and to PE (Fig. 7C) . The dissipation of the differences in contractile function between groups by PND35 was due to a greater increment from PND21 to PND35 in forcegenerating capacity in the CON compared with rats that had been subject to MS stress. Thus, in the CON, force to KCl, calcium, and PE increased 2.5-, 1.9-, and 2.4-fold from PND21 to PND35, respectively (compare Figs. 6 and 7) , while in the MS stress group these values were 1.5-, 0.9-, and 1.2-fold, respectively. Similarly, the response to DEA/NO and its second messenger 8-Br-cGMP decreased over this 2-wk time period (compare Figs. 6 and 7) .
The resting systolic BP measured in the PND35 rats under anesthesia had increased in both groups compared with PND21, but with a greater trajectory in the rats that had been subject to MS stress as neonates (CON: 91 Ϯ 4 mmHg; MS: 110 Ϯ 5 mmHg; P Ͻ 0.05; n ϭ 5).
Effect of developmental stress on arterial stress responses of maturity. We next examined if the ELS affected the arterial function of the mature rat. We had already observed that, in rats subject to MS stress, basal arterial function had normalized by PND35. We thus examined how MS stress may affect the adult arterial response to a second stressor, 1 h of restraint stress (RS), an established model of moderate stress (8) that induces a transcriptional response in the vascular smooth muscle (57) . Consistent with the prior study, 1 h of RS induced HSP-70 mRNA in MAs measured at 3 h after RS (2.9 Ϯ 0.3-fold; P Ͻ 0.05; n ϭ 3), which returned to baseline by 24 h. Similarly, CPI-17 and smMHC mRNAs were induced at 3 h after RS (4.6 Ϯ 0.1-fold, 4.2 Ϯ 0.1-fold, respectively, P Ͻ 0.05, n ϭ 3) and returned to baseline by 24 h.
We next examined if the ELS affected the arterial function of the adult rat MAs. Arterial function was studied in three groups of male rats: 1) CON not subject to any life stressors; 2) rats that had been subject to MS stress as neonates and 1 h RS as adults; and 3) littermate CON subject to 1 h RS as adults. MA1s studied at 3 h after RS developed similar force to KCl depolarization (Fig. 8A) , to calcium in ␤-escin permeabilized preparations (Fig. 8B) , and to PE (Fig. 8C) , and showed similar relaxation response to the NO donor DEA/NO (Fig. 8D) . Thus MS stress did not affect the contractile performance of the MA1s of the mature male rat under basal conditions, nor after a second heterotypic stress. Of note, the maximum force produced by the MAs to KCl depolarization and PE again increased from PND35 to full maturity, consistent with the gene expression data and indicating the continued functional maturation of these arteries.
DISCUSSION
BP is largely determined by the state of contraction of the smooth muscle in the smaller arteries determining vascular resistance to blood flow. Vascular resistance and BP increase throughout postnatal maturation, along with dynamic changes in the regulation of blood flow in the regional circulations (7, 36, 48) . It has been suggested, based mostly on epidemiological studies, that stressors in critical periods of developmental maturation may permanently reprogram arterial function and BP (reviewed in Ref. 27 ), yet there is surprisingly little understanding of normal or pathological developmental programming of the small arteries. In the present study we defined the molecular and functional maturation of the small arteries of several regional circulations extending from the postnatal period to maturity. Moderate behavioral stress applied during the early phase of postnatal arterial maturation caused molecular misprogramming, with the functional correlate of mesenteric arterial hypercontractility. This was suppressed by the ␣-adrenergic receptor blocker terazosin. However, this accelerated early trajectory of arterial maturation was not maintained throughout maturation such that, by sexual maturity (PND35) and into adulthood, there were no significant differences in arterial function. This suggests a substantial amount of plasticity in the vascular response to early life stressors, the long-term effect of which will likely depend on the timing, intensity, and chronicity (see Refs. 19, 23, 44) .
Normal maturation. Critical to the study of pathological developmental misprogramming of vascular function is an understanding of its normal developmental programming. In humans (10) and other mammals (61) , there is a steady increase in SVR and BP from after birth to maturity. Most of this increase in rodents occurs from 3 wk (weaning) to 10 wk (maturity) (61) . The basis for this functional maturation of the vascular system is not understood. Some of the increased vascular resistance is due to increasing overall size, as vascular resistance is proportional to vessel length, and adjustments of SVR and BP partially normalize developmental changes. However, there are also age-dependent functional changes in systemic regional circulations for which mechanisms have not been defined. In the present study, we demonstrate maturational changes in expression of contractile mRNAs correlated with predicted changes in arterial function in several regional circulations. The changes in MAs are consistent with our prior study (53) , while changes in renal and femoral arteries indicate a more universal phenomenon of postnatal programming of the maturation of arteries in regional circulations. The timing of the changes in gene expression in the different circulations is variable. In our prior study, we provided evidence that maturation of MAs is under the influence of innervation, and whether this is also true of the other circulations requires further study.
In the study of the MAs, the increase in smMHC and maximal force throughout postnatal arterial maturation is indicative of accretion of differentiated smooth muscle and consistent with a histological study showing that, at birth, MA consists of a single layer of partially differentiated smooth muscle cells adjacent to the endothelium (59) . In the present study, there were also specific changes in the regulatory enzymes that couple vasoactive signals to force development, with increased force to PE and reduced sensitivity to NO/ cGMP-mediated relaxation concordant with changes in receptors and MP regulatory subunits mediating these responses. PE-induced maximal force was increased, but there was no change in efficacy, suggesting no change in signal transduction mechanisms.
These studies used wire myography to measure smooth muscle force production under isometric conditions as a direct indicator of arterial muscle function. It is possible that somewhat different results on sensitivity to agonists or antagonists would be obtained under isobaric conditions or in vivo. In this study, we selected isometric conditions so as to use force as the most direct indicator of muscle function, and the increasing force generated through maturation correlates well with increasing SVR and BP over the same period. The measured force was not normalized to wall thickness, and a significant portion of the increase in force is likely due to increase in muscle filaments (wall thickness). In summary, substantial changes in force production and expression of myosin and its regulatory enzymes occur throughout postnatal arterial maturation, concordant with increasing vascular resistance and BP.
Stress-dependent misprogramming. The careful determination of the timing of molecular and functional mesenteric arterial maturation provided a basis for determining its susceptibility to behavioral stress in specific developmental windows. We tested the effect of separating the pups from their mothers for several hours each day, starting shortly after birth, targeting the initial period of MA maturation. This model of MS causes a moderate level of stress in the pups, as determined by measurement of serum corticosterone and catecholamines as indicators of activation of the hypothalamic-pituitary and sympathetic axes, respectively (37, 50) . In the present study, we did not measure these parameters, but instead measured induction of HSP-70 in the target tissue as an indicator of a localized stress response. We demonstrated that MS augmented the normal developmental induction of smooth muscle contractile mRNAs and function, and this effect persisted for 1 wk after the end of MS, indicative of a persisting misprogramming effect. This was blocked by coadministration of the ␣-adrenergic blocker terazosin, indicating that the effect was mediated by signaling from the sympathetic nervous system. Terazosin is a hydrophilic ␣-blocker that does not cross the blood-brain barrier, suggesting that its suppression of MS misprogramming is due to blockade of ␣-adrenergic signaling at the arterial smooth muscle. These experiments cannot exclude the possibility that suppression by ␣-adrenergic blockade is secondary to an effect elsewhere in the animal. However, in vitro experiments have shown that ␣ 1 -adrenergic signaling can directly program smooth muscle differentiation through autocrine transforming growth factor-␤ signaling (11) , while in other cell types it couples to second messengers and transcriptional pathways, including calcium (nuclear factor of activated T cells), activator protein-1, cAMP (cAMP response element binding protein), and nuclear factor-B (17, 46, 60) . In the present study, ␣-adrenergic blockade suppressed the normal developmental maturation of MA smooth muscle and stressinduced augmentation of this process. This suggests that sympathetic signaling is required for both developmental programming and stress misprogramming of the arteries. Which transcriptional pathways mediate these programming effects requires further study. In contrast to the large blood vessels, there has been little study of the transcriptional or other controls of the gene program in the smaller arteries, while significant differences in the large vs. small artery gene programs are appreciated (51) (reviewed in Ref. 14) . PND2-14 is a period when rat small MAs become innervated (22, 41) , and further studies of this critical developmental period are indicated. The effect of MS stress was maintained at 1 wk, but resolved by 3 wk after the end of the stress protocol. The studies by Pollock and coworkers showed that rats exposed to this ELS had normal resting BP as adults but exaggerated acute pressor (vasoconstrictor) responses to norepinephrine (37) and augmented hypertensive responses to chronic angiotensin II infusion (39, 40) . Their studies implicated changes in arterial and kidney function in the relationship between ELS and adult hypertension (38) . In the present study, we observed that PND21 MA1s from rats exposed to MS stress at PND2-14 had increased force to KCl depolarization, to PE, and to calcium in permeabilized preparations, all consistent with the acceleration of the functional maturation of these arteries. Similarly, there were reduced vasorelaxant responses to the NO donor DEA/NO and to its second messenger 8-Br-cGMP under calcium clamp in permeabilized preparations. The latter is the classic assay for activation of MP in situ (32) , and the reduced response to cGMP in this assay is consistent with the shift in the Mypt1 E24/LZ isoforms required for cGMP-dependent protein kinase-1␣ activation of MP (25, 30, 52, 53) , reviewed in Ref. 12 . The magnitude of the change in vasorelaxation response to the NO donor DEA/NO was greater than that of cGMP under calcium clamp. This could reflect a combined effect on calcium cycling and myofilament calcium sensitivity, or even cGMP-independent signaling by NO, which in toto determine the response to NO. Further studies are required to investigate changes in constrictor and dilator signaling pathways that may occur during normal development and stressinduced misprogramming of these arteries.
In the present study, there was no effect of MS stress on arterial function at PND35 or adulthood, nor was there a conditioning effect of exposure to MS stress on response of male rats to RS as adults. Stress induction of HSP and contractile mRNAs, CPI-17 and smMHC, were maintained in adulthood, but not altered by the MS stress. It is possible that other indexes of arterial function or stress responses may be altered, and further study is required.
Variables that may determine the net effect of maturational stressors on adult vascular function include the timing (2, 23, 44) , intensity, and genetic susceptibility (24) . Regarding the timing, this stress was applied to the rats in the early postnatal period. As vascular maturation continues through maturity, it is possible that stressors applied throughout maturation or targeted to the postweaning juvenile to adolescent periods may have more lasting effects on vascular function, as has been observed in effects on behavior (23) . PND15-25 were identified as the critical window of vulnerability to auditory stressinduced suppression of mouse cerebral microvascular angiogenesis, persistent to adulthood (58) . Whether there is a similar window of vulnerability for developmental misprogramming of arterial function that will persist through adulthood requires further study. A final consideration is the extent to which genetic predisposition may influence the response to maturational stress. Hypertension in mature humans is contributed by genetic and environmental factors, but genetic variants that may underlie differing trajectories of BP increase during childhood and adolescence have not been identified (24) . In rodent models, the genetically encoded spontaneously hypertensive rat shows increased sympathetic neural activity early in maturation, preceding the increase in BP (54) . The development of hypertension in spontaneously hypertensive rats was suppressed by ␣ 1 -adrenergic receptor blockade with terazosin, specifically from PND1-21 (43) , or by sympathectomy with guanethidine plus antiserum to nerve growth factor in the first 4 wk after birth (33), but not by ␣ 1 -blockade from 4.5 to 12 wk of age (29) . This suggests that sympathetic nervous system hyperactivity in a critical phase of maturation may contribute to the development of hypertension in a genetically predisposed model.
Limitations of the present study. A major limitation of the present study is that behavioral stress was applied in a narrow window of postnatal maturation, while very recent studies of humans suggest that multiple and recurrent stressors throughout one's lifetime are required to confer increased risk of hypertension and cardiovascular mortality (18, 55) . In a related matter, studies are needed of children's small arteries to determine whether the same developmental programming and stress misprogramming occur as defined here in the rat. This study focused on the effects of stress on mesenteric arterial programming and function. The splanchnic circulation receives ϳ25% of resting blood flow and thus makes a substantial contribution to resting SVR. Recent studies have suggested that increased sympathetic vasoconstrictor tone specifically in the splanchnic circulation may play a key role in hypertension (15, 49) . However, this remains unsettled, and thus it will be important for future studies to determine whether behavioral stress causes developmental misprogramming in other circulations. Finally, in these studies of small arteries in small developing rodents, we collected the entire MA arcade (MA1-4) to have sufficient sample to measure mRNAs and used MA1 to measure force. Studies of other circulations have suggested heterogeneity in sympathetic vasoconstrictor control throughout the arterial arcade (1). We have not observed differences in gene expression between MA1 and the entire mesenteric arterial arcade, but further studies will be required to define potential variation in stress responses throughout the arcade. Similarly, MA1 was selected as a representative "resistance artery" for functional studies. This is a generalized term and consistent with the textbook definition of arteries less than or equal to ϳ0.5-mm diameter, as well as classic studies indicating that a substantial fall in pressure occurs across the rat MA1 (6). However, it is possible that differing functional perturbations will occur, dependent on the arterial branch, requiring further study limited by this method of wire myography to arteries of ϳ100 m diameter.
Conclusion. MS stress accelerated the trajectory of rat mesenteric arterial maturation during the first few weeks of life. This manifests as increased expression of smooth muscle contractile mRNAs and force production to depolarization and ␣-adrenergic stimulation. This stress-induced developmental misprogramming was suppressed by pharmacological ␣-adrenergic blockade. Rodents are born in a very immature state, and, while not specifically defined, this preweaning period of vascular maturation likely corresponds to the third trimester of in utero human development. In the rodents, arterial maturation continues from after birth through maturity, and, while an analogous arterial maturation has not been defined in humans, increasing BP and SVR similarly occur in both species through maturity. Humans raised under stressful conditions are more likely to have hypertension and vascular dysfunction as adults (56) . While there is increasing interest in determining the basis for the presumed developmental programming of hypertension, there remains limited mechanistic understanding of this phenomenon. The present study in the rat model provides a strong rationale for defining the period of arterial functional maturation in humans and the effect of stress on misprogramming and its pharmacological suppression in critical developmental windows.
